Morphological transformations of living cells, such as shape adaptation to external stimuli, blebbing, invagination, or tethering, result from an intricate interplay between the plasma membrane and its underlying cytoskeleton, where molecular motors generate forces. Cellular complexity defies a clear identification of the competing processes that lead to such a rich phenomenology. In a synthetic biology approach, designing a cell-like model assembled from a minimal set of purified building blocks would allow the control of all relevant parameters. We reconstruct actomyosin vesicles in which the coupling of the cytoskeleton to the membrane, the topology of the cytoskeletal network, and the contractile activity can all be precisely controlled and tuned. We demonstrate that tension generation of an encapsulated active actomyosin network suffices for global shape transformation of cellsized lipid vesicles, which are reminiscent of morphological adaptations in living cells. The observed polymorphism of our cell-like model, such as blebbing, tether extrusion, or faceted shapes, can be qualitatively explained by the protein concentration dependencies and a force balance, taking into account the membrane tension, the density of anchoring points between the membrane and the actin network, and the forces exerted by molecular motors in the actin network. The identification of the physical mechanisms for shape transformations of active cytoskeletal vesicles sets a conceptual and quantitative benchmark for the further exploration of the adaptation mechanisms of cells.
INTRODUCTION
Cells need to continuously regulate their shapes to achieve vital processes such as division, motility, or intracellular transport (1) (2) (3) . At the microscopic scale, the identification of the mechanisms by which cells achieve such shape changes is hampered by cellular complexity, where a huge number of components interact simultaneously. A minimal model system limited to only a few building blocks would be useful in identifying the physical mechanisms leading to these observed morphologies. Such a synthetic biology approach inspired numerous in vitro studies, ranging from the elasticity of pure lipid vesicles (4) (5) (6) , to the dynamics and mechanics of the cytoskeleton (7) (8) (9) , to the encapsulation of cytoskeletal components inside vesicles (10) (11) (12) (13) (14) (15) . From a mechanistic point of view, all cellular shape changes rely on the composite nature of the involved system: a fluid and easily deformable, but inextensible membrane is tightly coupled to a relatively rigid cytoskeleton that not only provides mechanostability against shear forces to the cell but also actively deforms because of the presence of active motors (16) (17) (18) (19) (20) (21) (22) .
Membrane deformations beyond the well-studied equilibrium shapes observed in passive vesicles (4) (5) (6) are only possible in composite systems, where membrane tension and local force production, or reorganization of the cytoskeleton is directly coupled to the membrane. Experiments linking the lipid membrane to a cytoskeletal network located outside the vesicle lead either to a rupture of the cortex, followed by shrinkage around the vesicle, or to a complete crushing of the vesicle (15) . In this configuration, contractility of the actin network results in a compressive force on the membrane.
Having a tension-generating network inside the vesicle should fundamentally change the situation. Stresses generated in the network result in inward pulling forces acting on the membrane, leading to an increase in membrane surface tension and, because of the law of Laplace, to an internal hydrostatic excess pressure. Such an internal overpressure tends to push water outside the vesicle; however, osmotic pressure also constrains the volume of the vesicle, such that the vesicle does not collapse, and the difference in osmotic and hydrostatic pressure across the membrane balances each other at equilibrium. The tension generated under this set of conditions should now be able to remodel the shape of the vesicles. Such an internal excess pressure is thought to underlie the phenomenon of blebbing (23) in living cells, yet a direct evidence for the mechanism can only be achieved with a bottom-up approach using purified components (24) .
RESULTS

Control of actin network formation in passive cytoskeletal vesicles
Here, we present a minimal model system of a cytoskeletal vesicle by encapsulating actin filaments and the cross-linking protein anillin into vesicles using a modified emulsion transfer technique, continuous droplet interface crossing encapsulation (cDICE) (25, 26) . To obtain stable and spherical vesicles, we adjusted the inner and outer osmotic pressures, such that the reduced volume, defined by the ratio between the volume of liquid present in the vesicle and the volume enclosed by a sphere of the same surface area as the vesicle, is only slightly lower than 1. Attachment of the actin network (10 mM) to the membrane is controlled by varying the concentrations of anillin, which has a His tag, as well as of the Ni-NTA (nitrilotriacetic acid) lipids in the lipid membrane ( Fig. 1 ; control experiments in the absence of Ni-NTA are shown in fig.  S1 ). In cells, anillin plays a major role during cytokinesis by maintaining the stability of the cell. Thereby, anillin cross-links the actin while linking the actomyosin network to the cell membrane via a phosphatidylinositol Elementary building blocks encapsulated in the vesicle consist of actin, a polyhistidine-tagged anillin cross-linker, and myosin II molecular motors. The self-organization of these bricks results in the formation of an active cytoskeletal network coupled to the lipid membrane. In the network, the myosin produces a stress s, which is transduced to the membrane via the Ni-NTA lipid/His-anillin links. Pulling on the membrane leads to the generation of an internal overpressure, Dp, and, hence, an increase of the membrane tension. (B) Three-dimensional network coupled to the membrane (10 mM actin, 0.5 mM anillin, and 0.1% Ni-NTA lipid). 4,5-bisphosphate lipid interaction (27) . Using the cDICE method to produce these biomimetic vesicles allows an efficient encapsulation of the cytoskeletal proteins and a robust reproducibility (25) . In a typical experiment, we consider about 75% of the produced vesicles for the analysis. The remaining 25% of the vesicles result from the characteristic polydispersity of the method. The analyzed vesicles remain stable for over a day, at least. For a given set of experimental conditions, at least 40 vesicles with homogeneous morphology were analyzed. At a concentration of 0.1% Ni-NTA lipids, we observe a volumespanning actin network inside the vesicles anchored to the membrane via the Ni-NTA-anillin (0.5 mM) interaction (Fig. 1 , B and C). Increasing the Ni-NTA lipid concentration to 1% results in a significantly less-bundled network that still spans the entire volume of the vesicle (Fig. 1D) . A further increase of the Ni-NTA lipid concentration up to 10% results in even thinner filaments in the volume of the vesicle, yet a cortex remains to be formed. This shows that a higher ratio of Ni-NTA lipids significantly favors the recruitment of the anillin to the membrane but is not sufficient for cortex formation. This suggests that the concentration of cross-linking molecules is the limiting factor for cortex formation. At 0.5 mM anillin, a large fraction of anillin is already bound to the membrane when polymerization and cross-linking of the actin network occur, which depletes anillin from the volume and thus reduces the bundling effect in the vesicle.
Indeed, by increasing the anillin concentration by a factor of 2, we can produce a cortex network tightly coupled to the membrane when 10% Ni-NTA lipids are present (Fig. 1E ). Both a high ratio of Ni-NTA lipid (10%) and a high concentration of anillin (1 mM) are required to obtain a two-dimensional (2D) cortex-like structure. Cortex formation was not achieved at a low Ni-NTA concentration of 0.1%, even after a 10-fold higher concentration of anillin was added. Actin is recruited at the membrane, as can be seen on the actin intensity profile along the diameter of a vesicle (Fig. 1H ). The fraction of cortical actin depends on the anillin concentration and can be determined by computing the cortex/bulk ratio of actin fluorescence intensity. At 1 mM anillin, cortical actin accounts for 40 to 50% of the total actin. An increase of anillin concentration to 1.5 mM favors the recruitment of cortical actin up to 75%. The cortex has intrinsic heterogeneities consisting of areas of lower cortical actin, as can be observed in Fig. 1 (F and I) . We characterized these heterogeneities in the case of two different anillin concentrations by measuring the size of the areas that have an actin fluorescence intensity below the mean intensity. The size distributions are reported in Fig. 1 (G and J). At 1 mM anillin, the low-intensity cortical actin areas range from 2 to 6 mm, whereas at 1.5 mM, the size of the heterogeneities drops to ∼0.5 mm. This is consistent with the increase of the fraction of cortical actin previously calculated.
Switching the network geometry from a 3D network (Fig. 1B) to a 2D cortex-like structure (Fig. 1F) does not result in change of the overall vesicle shape; in all cases, the vesicles remain spherical. The fraction of bound anillin can be determined by labeling anillin with Alexa Fluor 488. By computing the ratio of intensities in the volume of the vesicle with the circumference, the absolute bound anillin concentration was determined (see figs. S2 to S4 and the Supplementary Materials for detailed calculations). By this means, the distances between the attachment points are determined and reported in the final phase diagram. Blebbing of active cytoskeletal vesicles Upon addition of myosin II filaments to the system, a rich morphology is observed. Blebs appear (Figs. 2 and 3 ) and the shapes of the vesicles change markedly (Fig. 4) . Because of the coupling between the network and the membrane, the network cannot contract freely, but instead is constrained by the membrane being pulled against the liquid volume of the vesicle (Fig. 1A) . This process results in the establishment of an excess internal pressure p within the fluid. The internal pressure exerts a pushing force on the membrane that is balanced by a force acting on the links joining the actin network to the membrane. This force f is related to the density of the membrane linker r and to internal pressure through the relationship f ∼ p/r, because the resistance to the intracellular pressure is shared between linkers. The typical force necessary to rupture an individual Ni-NTA binding link is on the order of a few piconewtons, as determined by single-molecule experiments (28, 29) : Above this critical force f*, the molecular bonds attaching the actin network to the vesicle membrane will break. When a region of the membrane detaches from the actin network, intracellular pressure can then drive the formation of a bleb by exerting a pushing force on the detached membrane region (Fig. 1A) .
At high myosin and intermediate cross-linking protein concentrations (0.2:1, anillin/myosin in micromolar), the actin network spans the whole vesicle, and a big stable bleb appears (Fig. 2A) . The large bleb has a radius of curvature of about 15 mm (see fig. S5 ), and its volume accounts for 10 to 17% of the total vesicle volume. The stable bleb is under tension, as seen by the absence of any visible thermal fluctuations of the membrane ( Fig. 2A) . Because of the vesicle production method, we are not able to image the dynamics of formation of these big blebs that form within a few minutes. Nevertheless, because blebs result from membrane detachment, the growth phase should depend on the total density of linkers; at lower linker densities, bleb growth would be favored, resulting in larger final bleb sizes. Indeed, slightly decreasing the number of membrane attachment points (0.1:1, anillin/myosin in micromolar) results in the appearance of a bleb that takes up the entire vesicle, a process that lasts for more than 15 min (Fig. 2B) . First, global contraction of the actin network results in membrane detachment, producing a single bleb that is under tension (Fig. 2C) . Subsequently, the cytoskeletal tension becomes so sufficiently high that it ruptures most membrane attachments, allowing almost complete contraction of the network. Alternatively, localized sliding of the anchoring points could also lead to the observed tension release. While the network collapses, the vesicle recovers its spherical shape, and the membrane starts to fluctuate freely, indicating the release of the cytoskeletal-induced membrane tension (Fig. 2, C to E, and movie S1).
Blebbing due to local heterogeneties in active cytoskeletal vesicles Upon increasing the anillin concentration to 1 mM, we produce vesicles with a 2D cortex and consequently with a much stronger membrane/ cytoskeleton coupling (refer to the phase diagram for interlinker distances). In this regime (1:1, anillin/myosin), the vesicles become strongly deformed and faceted, and present multiple small blebs (Fig. 3) significantly different in nature from the blebs observed in the volume-spanning network case. Here, blebbing is a local effect occurring as a result of local heterogeneities in the cortex. We observed one to six blebs having radii of about 2 mm per vesicle (Fig. 3, C and  D) and occupying about 0.4 to 2.5% of the total vesicle volume. Thereby, the local position of bleb formation correlates with the local concentration of membrane attachments, which can indeed be observed by the inhomogeneous distribution of the fluorescence intensity of the actin filaments at the circumference of the vesicles (Fig. 3, A and B) . The bleb size distribution (Fig. 3D) , which spans from 2 to 6 mm, correlates nicely with the size of the regions of low fluorescence intensity previously characterized (Fig. 1G) .
After a further increase of anillin (1.5:1), blebbing is then completely inhibited (Fig. 5D) , as the sizes of regions with a low actin concentration are effectively lowered (∼0.5 mm) (Fig. 1J) . Thus, even locally, myosin forces are insufficient to lead to a rupture of the anchoring points of the cortex.
Shape deformation of active cytoskeletal vesicles
At a lower myosin concentration (0.5 mM) (Fig. 4) , we observe no more blebbing. Here, the myosin-produced intravesicle pressure decreases, and is now too small to break the links between the network and the membrane. However, in the vesicles containing a volume-spanning network, stresses generated in the network are sufficient to induce visible deformations in the vesicle contour, resulting in small deformation of vesicles (Fig. 4) . While increasing the anillin concentration in the vesicle (1 mM), the network becomes cortex-like, myosin forces induce stronger deformations of the vesicle, and faceted vesicles are observed. Although the measured average circularity of the two vesicle types differs only slightly, the width of the distributions is significantly different (see fig. S6 ). Stresses within the cortex seem to be more effective in producing highly faceted vesicles, because elastic deformations of the cortex occur more easily than when a volume-spanning network is present. In addition, the bending rigidity of bundles parallel to the membrane in the 2D cortex might resist strongly bending deformations when the vesicle membrane is firmly attached to the network. We never observed these faceted vesicles in cytoskeletal-free or passive cytoskeletal vesicles. Nonspherical shapes can only be produced by internal cytoskeletal tensions, and are dominated by myosin-driven tension and the shear elasticity of the network, rather than by the curvature minimization required by membrane elasticity.
Tethering and vesicularization in active cytoskeletal vesicles
We now note that a range of parameters should exist where the force exerted by the actin network on linkers is too low for the linkers to detach, that is, f < f *, but high enough to deform the lipid membrane to extrude a tether inside the vesicle, f > f tube , with f tube being the force needed to pull a membrane tube; f tube ¼ 2p ffiffiffiffiffiffiffi ffi 2kg p (30), with g being the membrane tension and k (roughly 20 k B T) being the bending stiffness of the membrane. For small enough linker densities (3D volumespanning network) and for an intermediate range of myosin-induced pressures, the actin network should contract by pulling tubes. Indeed, we found that by decreasing the coupling to the membrane by lowering the percentage of Ni-NTA in the membrane to 1% (anillin/myosin concentration, 0.1:0.5), the myosin-generated tensions are sufficient to produce tether formation and vesicularization inside the vesicle (Fig.  4D) . This shape transformation is reminiscent of structures observed inside cells, albeit a more specific mechanism of active transport seems to play an important role in living cells (31, 32) .
DISCUSSION
To summarize the findings, we mapped the observed dependencies and transitions into a phase diagram (Fig. 5) . By precisely controlling the absolute concentrations of all intravesicle components, we establish that the intricate force balance inside a finite volume leads to the complex, arrested, and stable membrane shapes of active cytoskeletal vesicles reminiscent of structures found in living cells. Despite the presence of myosin motors, all observed structures were static and the shape of the deformed vesicles remained stable over several hours. Contrary to living cells, treadmilling of cross-linked actin filaments is an extremely slow process, even in the presence of cofilin (33) (34) (35) . The lack of actin turnover prevents the formation of a new contractile actin cortex in the bleb and, in turn, its retraction, as reported for living cells (36) . The structures that we have built and describe here differ fundamentally from previously described conventional equilibrium structures of pure lipid vesicles, as ours are dominated by the shear elasticity and plastic deformations of an active actin network. Our model system also produced the important finding that, for blebbing to occur, the tension generation mechanism must be tightly coupled to the lipid membrane, an organization that is achieved by the membrane having a sufficiently high density of anchoring points. Although the membrane surface tension sets the spherical shape of blebs, our work shows that the active deformability and the shear elasticity of the cytoskeletal network dominate the production of global shape changes in cytoskeletal vesicles. Our bottomup approach successfully produced active vesicles in vitro that exhibit global shape remodeling driven by the myosin contractile activity. This opens up a completely new avenue for the design of more sophisticated biomimetic systems integrating, for example, actin turnover mechanism or by using proteins from the ERM family to anchor the cytoskeleton to the membrane. This would allow the mimicking of more complex biological processes and the elucidation of the underlying mechanisms that govern them.
MATERIALS AND METHODS
Reagents Egg L-a-phosphatidylcholine (Egg PC) lipids were ordered from Sigma (P3556) in powder form and dissolved at 50 mg/ml in a chloroform/methanol mixture ( 
Proteins
Proteins were purified according to previously published protocols (37) . G-actin and muscle myosin II were from rabbit skeletal muscle. The fragment of Xenopus laevis anillin spanning amino acids 1 to 428, excluding the myosin binding site, was cloned into a pET-28a vector and purified from Escherichia coli, with His tags on both termini. To quantify the fraction of anillin at the membrane and in bulk, we labeled it according to the following protocol: we dialyzed it against the labeling buffer [10 mM tris (pH 7.4), 150 mM NaCl, 2 mM EDTA (pH 9), and 2 mM tris(2-carboxyethyl)phosphine]; then, we incubated it with an eightfold excess of Alexa Fluor 488 C 5 -maleimide (Molecular Probes) for 2 hours at 4°C and dialyzed it back to the anillin buffer.
Buffer solutions
We mixed the solution to be encapsulated on ice right before vesicle production. Anillin, myosin II, and G-actin were added to a polymerization buffer (pH 7.2). The chemical composition of the solution (including salts from protein buffers) consisted of 10 mM imidazole, 1 mM MgCl 2 , 1 mM adenosine triphosphate (ATP), 1 mM EGTA, 30 mM KCl, 2 mM dithiothreitol, 300 mM sucrose, 0.5 mM Alexa Fluor 488 phalloidin, and ATP regenerating system [20 mM creatine phosphate and creatine phosphokinase (0.1 mg/ml)]. The outside solution was made of glucose, whose osmotic pressure was adjusted 10 to 15 mosmol higher than the inside solution.
Preparation of the lipid-in-oil solution Lipids were dissolved according to a previously published protocol (26) that we modified to be able to encapsulate proteins. Lipids dissolved in chloroform and Egg PC lipids dissolved in chloroform/methanol (9:1, v/v) were dispersed into a mineral oil/silicone oil mixture according to the following protocol. In a 20-ml glass vial, lipids were added to 600 ml of decane. Then, 9.4 ml of the mineral oil/silicone oil mixture was added to the lipids/decane solution while gently vortexing. The resulting lipid concentration was 0.5 mM and the oil composition consisted of 80% silicone oil and 20% (mineral oil + initial decane).
Vesicle production Vesicles were produced using the cDICE method described by Abkarian et al. (25) . Briefly, it consisted of a cylindrical rotating chamber, successively filled with a glucose solution to collect the vesicles, a lipid-in-oil solution to saturate the oil/water (O/W) interfaces, and decane as the continuous phase in which droplets were produced. The solution containing the cytoskeletal elements was injected from a glass capillary by inserting the capillary's tip in the decane. Because of the centrifugal force, droplets detached from the tip. The droplets then moved through the lipid-in-oil solution where they were coated by a first lipid monolayer and then by a second lipid monolayer while crossing the O/W interface. The two monolayers zipped together to form a bilayer. Vesicles were collected in the glucose solution, which was sucked with a micropipette once the chamber was stopped. For the process to succeed, the osmolarity of the encapsulated solution has to match that of the glucose solution. The membrane was doped with 2.5% of PEG2000 PE to prevent nonspecific protein adsorption. The whole process was achieved in a cold room maintained at 5°C to prevent fast polymerization of the cytoskeleton. We produced vesicles in a span of 2 min, which allowed us to have the sample on the microscope 5 to 7 min after protein mixing. During this time, the actin already polymerized and the final state of the vesicles was reached, which prevented us from imaging the initiation of bleb formation or shape changes. Although cDICE is a high-yield method, resulting in hundreds of vesicles under most conditions, encapsulating proteins at high concentrations (10 mm of actin and up to 1 mm of anillin and myosin) resulted in a decrease of the yield. At the highest protein concentrations we reported here, a 100-ml sample contained about 50 vesicles.
Microscopy
Vesicles were imaged with a Leica Microscope DMI3000 B and a 63× numerical aperture (N.A.) 1.3 oil immersion objective for bright-field microscopy and epifluorescence, in combination with a Hamamatsu ORCA-ER camera. Confocal pictures were acquired with a Leica TSC SP5 and a 63× N.A. 1.4 oil immersion objective. fig. S4 . Determination of the ratio of cortical anillin. fig. S5 . Size distribution of the big stable blebs. fig. S6 . Circularity of faceted vesicles containing 0.5 mM myosin. fig. S7 . Phase diagram with fluorescent images. movie S1. Fluctuations of the lipid membrane before and after complete actomyosin contraction. References (38) (39) (40) 
SUPPLEMENTARY MATERIALS
